The low-efficiency cellular uptake property of current nanoparticles greatly restricts their application in the biomedical field. Herein, we demonstrate that novel viruslike mesoporous silica nanoparticles can easily be synthesized, showing greatly superior cellular uptake property. The unique virus-like mesoporous silica nanoparticles with a spiky tubular rough surface have been successfully synthesized via a novel single-micelle epitaxial growth approach in a low-concentration-surfactant oil/water biphase system. The virus-like nanoparticles' rough surface morphology results mainly from the mesoporous silica nanotubes spontaneously grown via an epitaxial growth process. The obtained nanoparticles show uniform particle size and excellent monodispersity. The structural parameters of the nanoparticles can be well tuned with controllable core diameter (∼60− 160 nm), tubular length (∼6−70 nm), and outer diameter (∼6−10 nm). Thanks to the biomimetic morphology, the virus-like nanoparticles show greatly superior cellular uptake property (invading living cells in large quantities within few minutes, <5 min), unique internalization pathways, and extended blood circulation duration (t 1/2 = 2.16 h), which is much longer than that of conventional mesoporous silica nanoparticles (0.45 h). Furthermore, our epitaxial growth strategy can be applied to fabricate various virus-like mesoporous core−shell structures, paving the way toward designed synthesis of virus-like nanocomposites for biomedicine applications.
N owadays, multifarious nanoparticles have been designed for biomedical applications such as intracellular drug delivery and molecular imaging. 1−9 Their efficiency heavily relies on the cellular uptake performance. 10−16 The interaction between nanoparticles and biological hosts (e.g., HeLa cell, Escherichia coli) plays an important role in the cellular uptake process, which is greatly dependent on the chemical and physical properties of the nanoparticles. 17, 18 Previous reports have introduced various methods to enhance the cellular uptake property by controlling factors that could influence the interaction between nanomaterials and biological hosts, such as chemical composition, particle shape, and surface charge. 19−29 However, studies on regulating the interaction between nanomaterials and biological hosts by improving the surface topological structures of nanomaterials are relatively rare. 10, 30, 31 Some viruses have been demonstrated to have good cellular invasion properties owing to their rough surface consisting of spike proteins, which can bind strongly to cell membranes during the invasion process. 32, 33 Inspired by the unique surface morphology of virus, several recent works have been carried out to fabricate nanomaterials with the topological structures of viruses. 10, 34 Unfortunately, their tedious and uncontrollable synthetic processes as well as their unfavorable aggregation and poor porosity greatly limit their further applications in biomedicine such as intracellular drug delivery. It is of great importance and a challenge to develop a facile approach to precisely fabricate well-controlled virus-like nanoparticles with excellent monodispersity and open large channels, so as to meet the requirements of efficient cellular uptake in various biological applications. To date, virus-like-structured porous particles with perpendicular spiky nanotubes have never been reported yet. Furthermore, no feasible method has been developed to realize the fabrication of a virus-mimetic surface structure with large mesopore channels on various substrates of diverse composition, size, and shape.
In the present work, uniform virus-like mesoporous silica nanoparticles with inner mesoporous nanospheres surrounded by epitaxial perpendicular mesopore nanotubes have successfully been synthesized for the first time via a novel singlemicelle epitaxial growth approach in a low-surfactant-concen-tration oil/water biphase reaction system, using hexadecyltrimethylammonium bromide (CTAB) as a structural template and tetraethyl orthosilicate (TEOS) as a precursor. The unique monodispersed virus-like mesoporous silica nanoparticles show a very uniform particle size, well-controllable mesoporous nanotube length and inner diameter. These separate nanotubes grow radially from the inner mesoporous silica nanospheres, forming a rough surface structure similar to the spike proteins of viruses. Ascribed to the virus-like rough surface, the obtained mesoporous silica nanoparticles can invade living cells in large quantities within 5 min, displaying the fastest cellular uptake rate. In addition, it is interesting to find that the virus-like mesoporous silica nanoparticles show unique internalization pathways and an extended blood circulation duration (t 1/2 = 2.16 h), which is significantly longer than that of conventional mesoporous silica nanoparticles (0.45 h). The virus-like nanoparticles loaded with doxorubicin (DOX) show much higher cancer cell toxicity, suggesting great potential for biological applications. Moreover, our strategy can be further extended to fabricate functional nanoparticles@virus-like mesoporous silica core−shell composite structures with tunable structural parameters. It paves the way for designed synthesis of various virus-like functional core−shell nanocomposites.
Uniform virus-like mesoporous silica nanoparticles can be synthesized in a biphase reaction system with a low surfactant concentration, which allows the coassembly of reactants to take place at the oil−water interface for continuous interfacial growth. The oil phase was adopted in the upper of the beaker to be a TEOS solution in hydrophobic organic solvent (such as cyclohexane), while the bottom water phase was an aqueous solution of cationic surfactant (CTAB) as a template and NaOH as a catalyst. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of the obtained mesoporous silica nanoparticles clearly show a unique virus-like morphology with uniform particle size of ∼160 nm (Figure 1) . Each virus-like mesoporous silica nanoparticle is composed of two parts with different geometrical structures: (i) interior spherical mesoporous silica cores with a diameter of ∼110 nm; (ii) separated peripheral silica nanotubes perpendicular to the core surface with a length of ∼35 nm and outside/inside diameters of 10/2.5 nm, respectively (Figures 1  and S1 ). The size of the mesoporous silica cores can be tuned from ∼60 to 160 nm by changing feeding amount of the surfactant (CTAB). The length of the mesoporous silica nanotubes can also be well tuned from ∼6 to 70 nm by simply controlling the time length for epitaxial growth. The obtained virus-like mesoporous silica nanoparticles have a high surface area of ∼289−568 m 2 /g ( Figures S2−S4 ). The pore size distribution calculated with the nonlocal density functional theory (NLDFT) method shows that the silica nanoparticles have a uniform mesopore size of ∼2.5 nm (Figure S2 ), consistent with the inner diameter of the silica nanotubes. The distance between two adjacent silica nanotubes is about 30 nm (Figure 1b,d) , suggesting that only a few mesopore channels can grow to form the long separated nanotubes. The spaces between the silica nanotubes also dedicate some mesopore volumes, which has a good agreement with the pore size distribution results from 30 to 60 nm as shown in Figure S2 . The small-angle X-ray scattering (SAXS) pattern of the viruslike mesoporous silica nanoparticles shows two scattering peaks at 0.25 and 0.81 nm −1 ( Figure S5 ), which can be attributed to the spacing between adjacent nanotubes and interior mesoporous silica spherical cores, respectively.
TEM and SEM measurements were employed to investigate the formation process of the virus-like mesoporous silica nanoparticles (Figures 2 and S6 ). Mesoporous silica nanoparticles with a diameter of ∼50 nm, pore size of ∼5.3 nm, and pore wall thickness of ∼2 nm can be obtained in the lowsurfactant concentration system after a growth process for 6 h (Figures 2a and S7 ). The Brunauer, Emmett, and Teller (BET) surface area of the product was calculated to be ∼467 m 2 /g ( Figure S7 ). A single scattering peak was observed in the SAXS pattern at ∼0.87 nm −1 , which could be assigned to the uniform mesostructure of the silica nanospheres ( Figure S8 ). After a reaction for 12 h, the diameter and mesopore wall thickness of the silica nanoparticles increased to ∼80 and ∼3.5 nm, respectively. The BET surface area and pore size decreased to ∼256 m 2 /g and ∼4.8 nm, respectively ( Figure S7 ). As shown in the SAXS pattern, the scattering peak was at the same position ( Figure S8 ). As the reaction time was further prolonged, the mesoporous silica particles grew up to ∼100 nm, and the mesopore walls became thicker and thicker. Correspondingly, the BET surface area reduced to ∼89 m 2 /g ( Figure S7 ) after 18 h, implying that some of mesopore channels were blocked and covered caused by further growth of excessive silicates with insufficient surfactant template. After reacting for 24 h, short silica nanotubes started to form separately on the surface of the nanoparticles (Figure 2d ). No obvious change was detected in particle size and BET surface area (Figures 2d and S7 ). With the reaction going on, the silica nanotubes grew longer to ∼5 nm, and the particle size increased to ∼130 nm. Meanwhile, the BET surface area also increased to ∼112 m 2 /g (Figures 2e and S7). Finally, the length of the nanotubes grew to ∼15 nm and the particle size of the mesoporous silica spherical cores increased to ∼160 nm after 48 h (Figure 2f ). The BET surface area increased to ∼190 m 2 /g ( Figure S7 ), which could be attributed to the elongation of the nanotubes. After the hydrothermal treatment at 100°C, the surface area increased to ∼568 m 2 /g, which is a comparable value with conventional mesoporous silica nanoparticles, and the morphology was well retained ( Figures S3 and S4 ). The SAXS patterns ( Figure S8 ) of the mesoporous silica nanoparticles obtained after different reaction times showed the same scattering peaks at ∼0.87 nm −1 , indicating uniform interior mesostructures of same cell parameters. Meanwhile, a new scattering peak could be observed at 0.53 nm −1 in the SAXS pattern of the virus-like particles obtained after 48 h reaction, which could be assigned to the mesoscopic distribution of the peripheral perpendicular silica nanotubes. Furthermore, the growth process indicated that the length of the silica nanotubes could be well tuned from ∼6 to 70 nm by controlling the reaction time ( Figure S9 ).
During the reaction process, the formation of the virus-like mesoporous silica nanoparticles could be affected by the concentration of surfactants and species of the oil phase. First, the concentration of surfactants could influence the size of the silica spherical cores ( Figure S10 ). As shown in Figure S11 , the core diameters of the mesoporous silica particles were measured to be ∼106, 131, and 156 nm when the surfactant concentration increased from 2.0, to 3.0, and 4.0%, respectively. Second, three kinds of organic reagents including 1-octadecene, decahydronaphthalene, and cyclohexane were used as the oil phase to prepare the virus-like mesoporous silica nanoparticles, and all three samples possessed spiky nanotubes with different lengths. As shown in Figure S12 , the lengths of the nanotubes were measured to be ∼8, 12, and 20 nm when 1-octadecene, decahydronaphthalene, and cyclohexane was used as an oil phase, respectively. To further understand the effect of the oil phase, the silica precursor TEOS was directly added into the reaction system without any oil solvent. The mesoporous silica nanoparticles with short nanotubes of ∼6 nm were obtained, showing a similar length with those synthesized in the 1-octadecene system ( Figure S13 ). Meanwhile, the outer diameter of the silica nanotubes obtained in the absence of oil phase was small (∼6 nm).
As mentioned above, the inner diameter of the silica nanotubes on the surface is ∼2.5 nm (Figure S1 ), very consistent with the size of the CTAB cylindrical single micelle. It implies that each silica nanotube is templated by cylinder single micelles. 35, 36 The SEM image shows distinct short nanotubes distributed separately on the surface of the silica nanoparticles obtained after reacting for 21 h. And finally, viruslike mesoporous silica nanoparticles with long nanotubes could be obtained ( Figure S14 ). This result clearly indicates that the orientated growth of the mesoporous silica nanotubes takes place assisted by the single micelles ( Figure S15 ).
On the basis of the results above, we propose that singlemicelle templating epitaxial growth induced by an ultralow surfactant concentration occurred during the formation of the uniform virus-like mesoporous silica nanoparticles (Figure 3) . The formation process of the virus-like silica nanoparticles experiences an isotropic growth of the spherical mesoporous silica nanoparticles under an ultralow concentration of surfactant template followed by an orientated growth of the silica nanotubes from the mesopore channels. It mainly involves three stages, i.e., (i) the formation of mesoporous silica spherical nanoparticles; (ii) the formation of nucleation sites on the surface of the mesoporous silica nanoparticles and the necks of the mesopore channels; (iii) single-micelle epitaxial growth of the silica nanotubes on the surface and necks of the mesoporous silica nanoparticles. First, the silica precursor (TEOS) in the upper organic solvent diffuses into the aqueous phase gradually to form the mesoporous silica spherical nanoparticles at the interface of oil/water biphase as reported previously. 37, 38 The mesoporous silica spherical nanoparticles grow larger with prolongation of reaction time, while the concentration of the surfactant and silicate oligomers decreases gradually. 38 With further consumption of the reactants, the surfactants and silicate oligomers in aqueous phase become insufficient for the isotropic growth of the mesoporous silica nanoparticles. As a result, some of the mesopore channels get covered and blocked, resulting in closed mesopores, which can be reopened after a hydrothermal treatment. At the same time, some of the silicate oligomers are deposited partially on the surface of the silica nanospheres and necks of mesopore channels, functioning as nucleation sites for further growth into perpendicular nanotubes. It is fair to assume that the deposition tends to take place along some of the mesopore channels of the previously formed mesoporous nanospheres because the micelles already exist because of the hydrophilic−hydrophobic interaction. As a result, the single-micelle induced epitaxial growth leads to the formation of separated nanotubes on the surface and mesochannel necks of spherical silica nanoparticles. With further growth of the nanotubes induced by cylinder single micelles, uniform virus-like mesoporous silica nanoparticles can be obtained.
In general, nanomaterials should be designed to enter cells rapidly and efficiently to realize a better therapeutic effect. 17 Here, cell internalization of three types of FITC-labeled nanoparticles ( Figure S16 ), solid silica nanoparticles, conventional mesoporous silica nanoparticles, and virus-like mesoporous silica nanoparticles, were examined against HeLa cells (Figure 4a,b) . It was found that the relative uptake rate was quite different for each type of nanostructure. After incubation for 5 min, the virus-like mesoporous silica nanoparticles obtained above could penetrate the cellular membrane and accumulate throughout the cytosol. While for the solid silica nanoparticles and conventional mesoporous silica nanoparticles, luminescence signals were not detected at all inside the cells even after 15 min of incubation. It was only after 30 min when weak fluorescence signals were detected for the solid silica nanoparticles and conventional mesoporous silica nanoparticles. It revealed that the unique virus-like mesoporous silica nanoparticles exhibited the fastest internalization rate among the three types of the silica nanoparticles, and they showed powerful signals after incubation for only 5 min. The relative cellular uptake rates were further confirmed by quantification analysis of intracellular nanoparticles. As shown in Figure S17 , the uniform virus-like mesoporous silica nanoparticles displayed dramatically higher uptake level than the solid silica nanoparticles and conventional mesoporous silica nanoparticles. The results clearly demonstrated that the virus-like mesoporous silica nanoparticles could enter living cells in large quantities. To exclude the effect of size, aggregation-state, and zetapotential of the nanoparticles on their cellular uptake property, all these factors above were well controlled to be similar. Dynamic light scattering, zeta-potential, and TEM measurements were carried out, showing a similar size distribution, good monodispersity, and excellent stability (Figures S18− S20). Therefore, the difference in cellular uptake property for the three types of nanomaterials results mainly from the surface morphology (Figure 4a) .
To explore the internalization pathways, the three types of the silica nanoparticles were treated with cells in the presence of endocytic inhibitors including chlorpromazine, genistein, and amiloride, respectively. These inhibitors significantly decreased the uptake of the nanoparticles, suggesting the involvement of clathrin-mediated endocytosis, caveolae-mediated endocytosis, and macropinocytosis. 39−41 As shown in Figure S21 , the cellular uptake of the uniform virus-like mesoporous silica particles was prohibited to a much smaller degree compared with the two other silica nanoparticles in the presence of chlorpromazine, and to a larger degree in the presence of genistein and amiloride. These results indicated that a larger proportion of the virus-like silica nanoparticles utilized caveolae-mediated endocytosis and macropinocytosis for cellular internalization than the other two nanoparticles. In other words, our unique virus-like mesoporous silica nanoparticles could enter cells with a different strategy compared with the conventional mesoporous silica nanoparticles. The clathrin-mediated pathway may bring about problems in efficient drug delivery as a result of low pH and normal lysosomal degradation. 39, 42 The virus-like mesoporous silica nanoparticles can effectively prevent this problem by employing more of the other two pathways. As a result, the virus-like mesoporous silica particles with unique cell internalization pathways are promising drug carriers for a variety of complex conditions.
The virus-like mesoporous silica nanoparticles are also expected to be applicable nanocarriers for drug delivery. The cytotoxicity assay showed that the viability of the cells were over 90% even at a high concentration (∼500 μg/mL), indicating good biocompatibility (Figure S22a−c) . We also assessed the hemocompatibility of the virus-like mesoporous silica nanoparticles and compared with that for the solid silica and conventional mesoporous silica nanoparticles ( Figure  S22d) . The results show that the virus-like mesoporous silica nanoparticles have a low hemolytic activity. The DOX-loaded conventional and virus-like mesoporous silica nanoparticles had similar release kinetics and proportions at pH 5 and 7 ( Figures  S23 and S24) . The DOX-loaded virus-like mesoporous silica nanoparticles exhibited much higher cytotoxicity than the conventional mesoporous silica nanoparticles ( Figure S25 ), which could be ascribed to the enhanced cellular uptake (with similar loading capacities 28.1 and 27.9 mg/g for the conventional mesoporous silica nanoparticles and virus-like mesoporous silica nanoparticles, respectively).
Persistent blood circulation is especially important in the application of therapeutic nanomedicines. 43, 44 The in vivo blood circulation for the three types of silica nanoparticles was studied after intravenous injection into mice (Figure 4c,d) . Interestingly, the elimination half-life (t 1/2 ) of the virus-like mesoporous silica nanoparticles (2.16 h) was significantly longer than that of the conventional mesoporous silica nanoparticles (0.45 h). This may result from the special surface morphology and good stability in serum conditions ( Figure  S26 ), which is consistent with previous reports. 45 Nanocarriers display different biological properties in vitro and in vivo, respectively. 46 It has been reported that nanocarriers exposed to serum may exhibit different biological outcomes from those in the absence of serum, due to the protein layer (corona) that forms on their surface once getting in contact with serum, mediating the interactions with cells. 47 Here, the macrophage endocytosis of conventional and virus-like mesoporous silica nanoparticles was studied in serum-free condition and serum condition, respectively. As shown in Figure S27 , strong internalization of both conventional and virus-like mesoporous silica nanoparticles into RAW264.7 cells was observed after incubation in serum-free conditions for 4 h. In contrast, only weak fluorescence signals were detected for the virus-like mesoporous silica nanoparticles in serum conditions after incubation with RAW264.7 for 4 h. Moreover, the quantification analysis of corresponding intracellular nanoparticles further confirmed that macrophages phagocytosis performances of virus-like mesoporous silica nanoparticles were quite different in serum-free and serum conditions ( Figure S28 ). But interestingly, the relatively reduced uptake of virus-like mesoporous silica nanoparticles in serum conditions do not apply to HeLa cells ( Figure S29 ). All these results demonstrate that virus-like mesoporous silica nanoparticles can effectively escape the uptake of macrophage and reduce the immune clearance.
Our strategy of the mesochannel epitaxial growth under an ultralow-surfactant concentration also showed great versatility and could be used to prepare the unique virus-like mesoporous core−shell structures (Figure 5a) . The low surfactant concentration biphase system can be applied to coat the surface of core particles of various morphologies and compositions. Magnetic Fe 3 O 4 nanoparticles, Ag nanocubes, Au nanorods, and graphene oxide (GO) nanosheets ( Figure  S30 ) were chosen as core particles to demonstrate the feasibility and versatility of our epitaxial growth strategy. In this process, the outer surface of core particles forms a thin silica shell, on which the growth of mesoporous silica shell and virus-like tubes is same as those aforementioned. Fe 3 O 4 @virus-like silica, Ag@virus-like silica, Au@virus-like silica, and GO@ virus-like silica core−shell structures with conformal virus-like mesoporous silica shells could be obtained via the mesochannel epitaxial growth strategy (Figure 5b −e). Our strategy is promising for the fabrication of unique virus-like nanocomposites with various functional cores and rough mesoporous silica shells for diverse applications.
In summary, monodispersed virus-like mesoporous silica nanoparticles constituted by inner nanospheres and peripheral perpendicular nanotubes have successfully been synthesized for the first time on the basis of the single-micelle templating epitaxial growth approach. The obtained virus-like mesoporous silica nanoparticles display very uniform particle size (80−200 nm in diameter) and excellent monodispersity. The peripheral vertically distributed silica nanotubes with an outside/inside diameter of 10/2.5 nm and controllable length (6−70 nm) build up a rough virus-like surface. The formation process of the virus-like silica nanoparticles experiences an isotropic growth of the spherical mesoporous silica nanoparticles followed by an epitaxial growth of the silica nanotubes. The spiky silica nanotubes mainly grow from a portion of the mesochannels of the previously formed mesoporous nanospheres via an epitaxial growth process, creating a rough structure mimicking the spike proteins of a virus. The distance between two adjacent nanotubes is about 30 nm, suggesting that only a few of the mesochannels can grow epitaxially from the necks to form separated long spiky nanotubes. Taking advantage of the virus-like rough surface, the mesoporous silica nanoparticles show a much faster cellular uptake rate compared to the solid and conventional mesoporous silica nanoparticles. The virus-like mesoporous silica nanoparticles loaded with doxorubicin show much higher cancer cell killing efficiency (42%) compared to conventional mesoporous silica nanoparticles (28%), suggesting excellent drug delivery performance due to their unique virus-like structure. In addition, the viruslike silica nanoparticles exhibit unique internalization pathways and extended blood circulation duration. Moreover, our epitaxial growth strategy can be extended to the synthesis of functional nanoparticles@virus-like mesoporous silica core− shell structures, introducing in a virus-like rough surface with mesopore channels and epitaxial spiky nanotubes. Our method can pave the way toward designed synthesis of virus-like structures with various morphologies and compositions for wide applications.
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